Abstract: To exploit the potential of a dual-comb absolute distance ranging system outside a well-controlled laboratory, a compact dual-comb structure is proposed. A beat frequency generated by the repetition rates of two frequency combs serves as an electric reference, which is easily built and maintains a long range and high resolution compared with traditional dual-comb systems. The performance of the proposed method is compared with that of a heterodyne interferometer. The residuals range within À116.6 to 117.2 nm, the standard deviations vary from 46.3 to 137.9 nm, and the non-ambiguity range extension remains reliable throughout a 10-m test. Compared with Michelson-type dual-comb interferometers, this compact dual-comb system omits the redundant optical reference arm, promising practical applications of distance ranging.
Introduction
Absolute distance measurement plays an important role in industry and scientific research, but laser tracing, based on incremental measurement, dominates these fields because traditional absolute ranging technologies cannot achieve similar accuracy. With quantum leaps in optical frequency combs [1] , [2] , various absolute ranging methods have been demonstrated to achieve residuals less than 1 m for absolute distance measurement since the 2000s. These methods can be categorized into several groups based on their principles: multiple-wavelength interferometry calibrated by an optical frequency comb [3] , [4] , synthetic wavelength interferometry [5] , [6] , time-of-flight measurement with interference fringes analysis [7] - [10] , dispersive interferometry [11] - [14] , and dual-comb sampling [15] - [17] . Among these methods, the dual-comb configuration, using two femtosecond combs with a slight difference in repetition rates, shows the potential for practical applications because it permits rapid measurement with continuous range and high resolution. However, dual-comb systems are difficult to implement outside the laboratory because the state-of-art stabilization techniques, including f-2f interferometers [18] and optical locking based on ultra-stable lasers [19] , are sensitive and complicated. With the help of type II second harmonic generation (SHG), simpler dual-comb systems are being developed based on femtosecond oscillators with stabilized repetition rates and free-running offset rates while maintaining a resolution of 100 nm [20] . Moreover, based on the SHG technology, reliable non-ambiguity range (NAR) extension is accomplished by simultaneous measurement with coupled pulse trains [21] . The simultaneous measurement permits long range measurement with high resolution and will lead to enhanced performance for industry and scientific research. However, some disadvantages still prevent this method from being applicable. First, type II SHG optimization for both the reference arm and the measurement arm of a Michelson interferometer is complicated, and power reserved for the reference arm limits the range of the measurement arm. Moreover, Gauss-style second harmonic pulses are difficult to achieve simultaneously on the two arms because the coupled pulse trains from two oscillators have different polarization and will have dissimilar pulse shapes when passing through the polarization beam splitter (PBS) in the Michelson interferometer [22] . The SHG of the coupled pulse trains on one arm is an interaction among four electric fields [21] . When these dissimilar pulses reach SHG crystals, it is difficult to guarantee that the second harmonic pulses are Gauss-style because type II SHG is sensitive to polarization [23] , and compatibility among eight distinct electric fields on two arms is required. As a result, polarization control is generally heavily time-consuming. In this case, a compact and easily adjusted dual-comb system is required because it can contribute to important applications of combs, such as spacecraft formation flying [24] and large-scale manufacturing [25] .
In this paper, a simultaneous dual-comb compact system with an electric reference is proposed for absolute distance measurement with long range and high resolution while being easily adjusted. The basic design concept of the compact system is that in distance ranging, a measurement signal is required to be precise, whereas a reference signal is merely required to be stable. Thus, the optical reference arm in a Michelson interferometer is replaced with an electric reference signal, and half optical mechanism is eliminated. The electric reference is the beat frequency of the repetition rates of the two frequency combs and is converted from the original sine wave to a square wave for time-of-flight measurement. The elimination of the type II SHG on the reference arm saves the corresponding efforts and time spent on alignment. The elimination of half optical mechanism and less time spent on alignment make the proposed system compact, compared with traditional dual-comb systems [15] - [17] , [20] , [21] . Meanwhile, the compact system is an incoherent scheme that considerably simplifies light sources; it operates with stabilized repetition rates and free-running offset rates because the reference signal is the beat frequency of the two repetition rates and the measurement signal is the intensity crosscorrelation [20] . The results obtained from the compact scheme are compared with the results from a conventional heterodyne interferometer to demonstrate the resolution.
Principle
The schematic structure of the compact dual-comb system is shown in Fig. 1 . The structure mainly consists of two parts: the electric reference generated by the beat of the two repetition rates and the measurement arm using type II SHG to denote pulse positions.
Two femtosecond fiber lasers serve as light sources with repetition rates of f r and f r þ Áf r . The pulse trains of two frequency combs are coupled and transmitted from two collimators, the signal laser (SL) and the local oscillator (LO). The reflection from the target retro-reflector coincides with the beams from the LO on the PBS. The pulses from the SL, E P ðf r Þ and E P ðf r þ Áf r Þ, are p-polarized, while the pulses from the LO, E S ðf r Þ and E S ðf r þ Áf r Þ, are s-polarized. The four electric fields are focused onto a BBO for type II SHG which requires that input pulses with orthogonal polarization overlap in the time domain [23] . As the two femtosecond lasers operate at different repetition rates, the SHG intensity I 2! can be expressed as
which indicates the positions of the SL in the time domain [21] . As the SL contains f r and f r þ Áf r , the distance is measured simultaneously with these two repetition rates for reliable NAR extension [21] .
To build the electric reference, the radio frequencies (RF) originally used to stabilize the repetition rates are split into two parts, one for repetition rate stabilization and the other for the electric reference generation. The RF of frequency comb I comprises the repetition rate f r and its harmonics 2f r ; 3f r ; . . . ; nf r . After amplification, the f r component is picked out via a low pass filter. Another low pass filter is used to select the f r þ Áf r component. These two fundamental repetition rates are mixed to generate the electric reference at Áf r which is then converted to a square wave through a comparator for time-of-flight measurement. The rising and falling edges of the square wave are both involved in the time-of-flight measurement to eliminate edge drift caused by amplitude variation of the sine wave, as shown in Fig. 2 . Although a waveform generator, linked to the atom clock, can provide a square wave of Áf r directly, it is not included in the system. In our further research, the repetition rates will be optimized for high accuracy distance ranging [26] . Thus, the repetition rates may be changed manually. If the waveform generator is used in the system, synchronous frequency variation with the femtosecond lasers must be guaranteed. Otherwise, an additional phase shift will occur between the electric reference and the measurement pulses, and it will lead to misjudgment of the measured distance. On the contrary, the method shown in Fig. 2 can eliminate asynchronous frequency variation which will enlarge the standard deviations of the measured time intervals and disturb the time sequence.
Considering the rising and falling edges, as shown in Fig. 2 , the target distance measured by f r and f r þ Áf r can be expressed as
where L 1 and L 2 are distances measured by the given repetition rates, with superscripts and subscripts are time intervals, c is the speed of light in vacuum, and n g is the group refractive index of air [21] . The mean value of the time intervals calculated from the rising and falling edges denotes that the starting point the time-of-flight measurement lies in the middle of the high level, which is not affected by the symmetrical stretching caused by amplitude variation of the input sine wave. With L 1 and L 2 and the NARs Ã 1 and Ã 2 determined by the repetition rates, the absolute distance L abs is given by
where m is a positive integer, Ã 1 ¼ c=2n g ðf r þ Áf r Þ, and Ã 2 ¼ c=2n g f r [17] . According to (4) and (5), the absolute distance L abs can be obtained using the electric reference arm and the SHG measurement arm.
Experimental Setup
As shown in Fig. 1 , two Er-doped fiber lasers (M-comb, MenloSystems) serve as light sources. The two femtosecond frequency combs are generated with central wavelength of 1550 nm and a spectral bandwidth of 30 nm. The repetition rate can be tuned within 250 AE 2.3 MHz using a PZT actuator coupled to a motorized stage inserted in the laser cavity. The pulses are amplified to 200 mW and compressed to $70 fs by an Er-doped fiber amplifier (EDFA). The repetition rates of frequency combs I and II are 250.002 MHz and 250.000 MHz, respectively, and are locked to an Rb atomic clock (8040C, Symmetricom). The offset frequencies of the two femtosecond lasers are free-running. The target is fixed on a 200 mm linear translation stage (M-521.DD, PI) after a multipass cell (35-V, Infrared Analysis). The windows of the cell are removed and the whole cell works in the open air to provide a large distance. The total path inside the cell is approximately 20.16 m limited by the remaining light power after multi-reflection. The remaining light power is influenced by Fresnel loss and change in the polarization state. As the reflectance of mirrors in the cell is not 100%, multi-reflection will reduce output power. Moreover, according to Fresnel's formula, the output beam of the cell is no longer linearly polarized. Thus, it will also diminish the SHG power. As light propagates through the cell only once, the resultant distance is $10 m. The sine wave is transformed by a comparator (AD8561, Analog Devices) with a short propagation delay. It is convenient that the circuit can provide differential output. Thus, the rising and falling edges can be measured independently without an additional splitter. The photodetector is selected according to the second harmonic pulse width. In the SHG, the pulse widths of the two fundamental pulses are $70 fs. Thus, the effective overlap span is $140 fs. With the 2 kHz difference in the repetition rates, one pulse walks through another with a step of 32 fs [20] . With the effective overlap span 140 fs, the scanning step 32 fs, and the repetition rate 250 MHz, the second harmonic pulse width is expressed as pulse width % 140 32 Â 1 250 Â 10 6 ¼ 17:5 ns: (6) As the full duration at half the maximum value (FDHM) of a detector ought to be at least three times shorter than the measured second harmonic pulse, the FDHM should be less than 5.8 ns.
The FDHM of the detector (HCA-S-200M-SI-FS, FEMTO) used in our experiment is 1.8 ns. A low pass filter is also used to eliminate the 250 MHz repetition rate. The spectrum of the second harmonic pulse envelop is below 100 MHz (N9010A, Agilent). Thus, a 140 MHz low-pass filter is used in the system. The time intervals between the electric reference and the second harmonic pulses are measured by a time-to-digital converter (U1051A, Agilent) to guarantee a rapid update rate. The waveform in Fig. 3 is a screen shot of the signals entering the time-to-digital converter, acquired by an oscilloscope (DSO9254A, Agilent). The relationship among the pulses is determined by adjusting the amplitudes [21] . For comparison, a heterodyne interferometer (5519, Agilent) is also included in the setup.
Experimental Results
First, the precision of the system is compared with that of a conventional heterodyne interferometer. The cell is not used and the target is placed at 72.2 mm to reduce the atmospheric fluctuations. The target moves with a step size of 0.1 mm and 10 steps are tested independently by both the dual-comb system and the heterodyne interferometer with 10 3 averages. As m ¼ 0, L abs is calculated as L abs ¼ ðL 1 þ L 2 Þ=2, according to (4) and (5) . Fig. 4 shows that the residuals range from À116.6 nm to 117.2 nm while standard deviations vary from 46.3 nm to 137.9 nm. During the measurement, the temperature T increases from 23.931 C to 24.046 C, the humidity remains at 22.2% and the pressure P decreases from 101.849 kPa to 101.832 kPa. As the refractive index is calculated with T ¼ 23:931 C, ¼ 22:2%, and P ¼ 101:849 kPa using the Ciddor equation, the atmospheric variations result in a change of 38.6 nm in the optical path when the experiment is completed. This change slightly influences the residuals and the standard deviations. The Allan deviation is also investigated when the target is fixed at 72.2 mm and measured 10 4 times. The atmospheric variations are not considerable error sources for the reasons mentioned above and the limited measurement time of 10 s. The data points in Fig. 5 show that the Allan deviation varies with averaging time: 4.2 m for 0.5 ms, 110.5 nm for 500 ms and 97.7 nm for 1 s. According to (2) and (3), the deviation is influenced by the reflective index n g , the resolution of time-of-flight measurement, and the stabilization of the repetition rate. As the distance is limited, the time resolution and frequency stabilization are dominant causes [20] .
Moreover, the reliability of the NAR extension is demonstrated by measuring a long distance with the help of the gas cell. With m ¼ ðL 1 À L 2 Þ=ðÃ 2 À Ã 1 Þ according to (4) and (5) This length change is much larger than the change of 38.6 nm observed for m ¼ 0. However, the Allan deviations of L 1 À L 2 for m ¼ 0 and m ¼ 17 are similar, as shown in Fig. 6 . The results confirm that the NAR extension is reliable with the compact dual-comb system. Finally, the necessity of using the rising and falling edges for the time-of-flight measurement is demonstrated. The deviation of the time interval between the rising and falling edges is observed, as shown in Fig. 7 . The deviations decrease with longer averaging time: 3:6 Â 10 À8 s for 0.5 ms, 3:8 Â 10 À9 s for 0.5 s and 3:5 Â 10 À9 s for 1 s. Supposing that the rising and falling edges contribute equally to the time deviations, the deviations for each edge is half of the values shown in Fig. 7 . Based on (2) and (3), when the averaging time is 0.5 s and only the rising edge is involved in the time-of-flight measurement, the time deviation of 1:9 Â 10 À9 s leads to a length deviation of 2.3 m, which is much larger than the result shown in Fig. 5 . Thus, the rising and falling edges must be both involved in the time-of-flight measurement.
Conclusion
In this paper, a compact dual-comb system for absolute distance measurement is proposed. The optical reference arm in a traditional Michelson interferometer is replaced with an electric reference. This substitution considerably simplifies the alignment of the optical reference arm and permits more power to be applied to the measurement arm for a longer range. By including the rising and falling edges in the time-of-flight measurement, the compact system can achieve high resolution and reliable NAR extension. The residuals range from À116.6 nm to 117.2 nm, while the standard deviations vary from 46.3 nm to 137.9 nm. Additionally, the NAR extension is demonstrated to be robust against target drift. The compact system will benefit the application of the optical frequency comb to spacecraft missions [27] , [28] and other fields where the volume of the system is limited and high accuracy and long range are required.
